Abstract While the etiology of most childhood cancers is largely unknown, epidemiologic studies have consistently found an association between exposure to medical radiation during pregnancy and risk of childhood cancer in offspring. The relation between early life diagnostic radiation exposure and occurrence of pediatric cancer risks is less clear. This review summarizes current and historical estimated doses for common diagnostic radiologic procedures as well as the epidemiologic literature on the role of maternal prenatal, children's postnatal and parental preconception diagnostic radiologic procedures on subsequent risk of childhood malignancies. Risk estimates are presented according to factors such as the year of birth of the child, trimester and medical indication for the procedure, and the number of films taken. The paper also discusses limitations of the methods employed in epidemiologic studies to assess pediatric cancer risks, the effects on clinical practice of the results reported from the epidemiologic studies, and clinical and public health policy implications of the findings. Gaps in understanding and additional research needs are identified. Important research priorities include nationwide surveys to estimate fetal and childhood radiation doses from common diagnostic procedures, and epidemiologic studies to quantify pediatric and lifetime cancer risks from prenatal and early childhood exposures to diagnostic radiography, CT, and fluoroscopically guided procedures.
Introduction
Childhood cancers represent less than 1% of total cancer occurrence [1] . The International Classification of Childhood Cancer [2] recognizes 12 major categories of pediatric cancer (Fig. 1) . The major categories of the leukemias, brain tumors and lymphomas represent close to 70% of all pediatric cancers (Fig. 1) , in contrast to the primarily epithelial origin of the most common forms of adult malignancies (e.g., prostate, breast, lung, and colon carcinomas) [1] . Most categories of childhood cancer include subtypes characterized by specific histologic and molecular features [3] . Pediatric cancer subtypes may also vary in age, gender, and race patterns [4, 5] .
Internationally, incidence of total childhood cancer varies substantially less than most types of adult malignancies. Overall, the cumulative risk to age 15 for total childhood cancer is in the range of 1.0-2.5 per thousand [6] . The greatest variation in incidence of pediatric cancers occurs in comparisons of high-income to low-income countries [4] and may derive from incomplete ascertainment of pediatric cancer occurrence, different risk factors (e.g., pediatric Burkitt lymphoma in sub-Saharan Africa is associated with Epstein-Barr virus infection in conjunction with malaria, whereas Burkitt lymphoma in developed countries is not associated with these infectious conditions), or differences in risk among different ethnic or racial population subgroups [3, 5, 7] . Risk factors for most childhood cancers are largely unknown, except for increased occurrence with certain chemotherapeutic agents, specific genetic and constitutional disorders, and exposure to radiation from prenatal diagnostic medical radiologic examinations.
It has been more than 50 years since Stewart and colleagues reported results from the large epidemiologic case-control study known as the Oxford Survey of Childhood Cancers (OSCC) that first linked maternal in utero medical diagnostic radiation exposure to pediatric cancer mortality in offspring [8, 9] . Many epidemiologic studies have subsequently replicated the results [reviewed in [10] [11] [12] [13] [14] . Meta-analyses and other summaries have quantified the magnitude of the increased cancer risk as approximately 50% greater than baseline [15, 16] , although this has been debated [17] . Fewer epidemiologic investigations have studied pediatric cancer risks associated with postnatal diagnostic medical radiation procedures [reviewed in 12, 14] . This paper summarizes the epidemiologic literature on pediatric cancer risks associated with maternal prenatal, children's postnatal, and parental preconception diagnostic medical radiation exposures, following a brief review of estimated radiation doses from current and past diagnostic radiologic examinations commonly carried out in pregnant women and children. Also discussed are the effects of the reported epidemiologic results on clinical practice, the difficulty of assessing the impact of the results on trends in childhood cancer occurrence, and methodological aspects of the epidemiologic data.
Estimated doses characterizing diagnostic medical radiologic procedures

Variability in estimated doses among different diagnostic examinations and over time
In recent years, the largest source of general population exposure to radiation has shifted from environmental radiation to medical diagnostic and therapeutic radiologic procedures [18, 19] . As illustrated in Tables 1, 2, 3 and 4, there is tremendous variation in estimated doses from different diagnostic radiologic procedures (Table 1 ), in estimated doses over time (Table 2) , and in estimated doses to embryos and fetuses (Table 3 ) and to children (Table 4) . For example, estimated effective doses are 15-fold higher from screening mammograms, 70-fold higher from barium swallow examinations and 750-fold higher from chest CT Fig. 1 Incidence of cancer in children and adolescents younger than 20 years of age, both sexes, all races, and by ICCC group, SEER program 2001-2005 [1] than doses from a single chest radiograph. At a given point in time, notable differences in estimated radiation doses for the same radiologic procedure have been reported from a single medical center, among medical institutions in the same country and among medical centers in different countries [20] . Based on nationwide surveys to assess exposures from diagnostic medical radiological examinations carried out in the United Kingdom (UK) since the mid-1980s, there has been a continuing downward trend in the doses received by adult patients for many, but not all, common types of radiographic procedures and CT examinations [21] [22] [23] [24] [25] [26] (Table 2 ). Decreasing radiation doses to patients may reflect improvements in protocols for conducting radiologic procedures, technological advances in equipment, implementation of diagnostic reference doses, and a variety of efforts to mitigate exposure stemming from greater awareness of adverse radiation effects. On the other hand, some of the notable technical achievements in imaging have led to greater use of diagnostic radiologic procedures (including CT, nuclear medicine, and fluoroscopically guided procedures) for screening of healthy persons and to monitor patients with serious disease [19, 27] .
Dose metrics
Depending on the modality, radiation doses can be reported using different dose quantities and associated dose units, including entrance surface dose (ESD) in milliGrays (mGy), patient entrance dose (PED) in mGy, dose area product (DAP) in mGy cm 2 and effective dose in milliSieverts (mSv) ( Tables 2 and 4 ). Further, the methods for deriving effective doses vary, and have included such considerations as type of examination, exposure settings, age, weight, and scaling factors [28] [29] [30] [31] [32] . Differences in the radiologic dose units for different radiologic examinations complicate comparisons among procedures.
Estimated doses for in-utero and early childhood radiation from diagnostic medical radiologic procedures
Overview
Even though cancer risks associated with a given radiation dose are known to be higher for exposures during childhood and adolescence than for exposures during adulthood [33] [34] [35] , and have been thought to be greater for prenatal than postnatal exposures, published radiation dose estimates for medical diagnostic procedures in children [36] and data based on nationwide surveys are limited [22, 24, 30] .
In utero exposures
In utero exposures: early surveys In light of concern about medical radiation-related genetic hazards in the UK, action initiated in 1956 to review practices in diagnostic radiology [22] f Number in parenthesis indicates number of chest radiograph exams resulting in the same effective dose from each diagnostic examination led to the establishment in 1957 of the Adrian Committee, which sponsored nationwide surveys of obstetric radiology practice to estimate radiation-related doses to the fetus [37] . Two main obstetrical diagnostic radiological procedures were used at that time: obstetrical abdominal radiographs, which were intended to image the entire fetus and utilized a large film, resulting in relatively uniform radiation dose to the entire fetus; and pelvimetry radiographs, which were used to show the bony structure of the maternal pelvis and the part of the fetus within the pelvis to provide information to facilitate delivery. Because maternal intrauterine and ovary radiation doses cannot be measured in vivo, the surveys estimated fetal and maternal gonad doses using phantom measurements and scaling factors derived by Bewley et al. [38] and Clayton et al. [39] . Data from the nationwide surveys revealed that while estimated doses to a woman's ovaries from general medical diagnostic radiological procedures ranged over five orders of magnitude (in part due to lack of restriction of X-ray beams to useful areas of X-ray films) [37, 40] , estimated doses to the maternal ovary and fetal gonad from specific obstetrical abdominal examinations, in contrast, ranged over two orders of magnitude [37, 41] . Pelvimetry, a diagnostic procedure that rapidly expanded in use in the late 1940s and 1950s, included several different radiologic projections that were associated with notable variation in the estimated fetal doses (ranging from 1.6 to 26 mGy per exposure) [37, 42] . From these surveys, the estimated whole-body fetal doses from obstetric abdomen and pelvimetry examinations (which were based on estimated fetal bone marrow dose in late pregnancy when most in utero medical radiologic examinations were carried out) were 5.8 mGy and 13 mGy, respectively [37, 43] .
In utero exposures: more recent surveys While the decline in prenatal obstetrical radiologic procedures and replacement of diagnostic procedures involving ionizing radiation with sonography in the 1970s has resulted in notable reduction of an important source of early life exposures to ionizing radiation, pregnant women continue to undergo imaging procedures to evaluate such non-obstetric medical conditions as pulmonary embolus, renal colic, appendicitis, and injuries from trauma. Substantial variation in estimated radiation doses was reported from a retrospective UK study in the 1990s of 50 pregnant women undergoing radiologic and CT examinations [44] that utilized normalized uterine doses for a range of technical factors [26, 45] and reported estimated fetal doses ranging from <0.01 to 89 mGy depending on the type of examination, the level of radiation exposure to the mother, and the anatomic site irradiated (Table 3 ). In general, CT examinations, certain fluoroscopic ESD entrance surface dose, PED patient entrance dose, DAP dose area product, and ED effective dose a Source: the UK nationwide survey data [22, 24] b Source: the UK nationwide survey data [21, 23] c Source: the UK nationwide survey data [25, 26] d Different dosimetric quantities have been used to quantity radiation dose to patient. Dosimetric quantities and units in this table include ESD,  PED, DAP, and ED  e Number in parenthesis is relative dose ratio procedures, and a few nuclear medicine procedures were characterized by higher fetal doses than other types of diagnostic examinations (Table 3) . For a given modality, radiation dose to the fetus was much higher when the primary X-ray beam irradiated the maternal pelvic area. Recent dosimetry studies suggest that estimated fetal radiation doses from multi-detector CT (MDCT) protocols may be greater than doses from single-detector CT [46] . The estimated range in radiation doses to the fetus at 0 and 3 months for implementation of the MDCT protocols for pulmonary embolus was 0.24-0.47 and 0.61-0.66 mGy, respectively, and the range was substantially higher at 0 and 3 months for renal stone colic (8-12 and 4-7 mGy) and appendicitis protocols (15.2-16.8 and 20-40 mGy) [47] . Factors affecting radiation dose to the fetus from diagnostic nuclear medicine procedures include the timedependent distribution of radiopharmaceuticals in the human body, physical properties of the radionuclides, and administered activity. From a survey of 30 medical institutions [48, 49] , the estimated fetal doses (based on Medical Internal Radiation Dose (MRID) schema [48, 49] Tc exceeded this exposure level (Table 3) . Russell et al. [49] estimated absorbed dose to the fetus by gestational age (for four time periods, including early pregnancy, and at 3, 6, and 9 months) and found that fetal dose varied with gestational age depending on the physical and biokinetic characteristics of radiopharmaceuticals in vivo. In general, fetal dose declines with increasing gestational age because the increase in body mass of the fetus is more dominant than the increase in radiation exposure to the larger fetus. Fetal dose may increase when the fetal and placental uptake of radiopharmaceuticals such as 123 I sodium iodide increases with increasing gestational age.
Pediatric exposure to diagnostic medical radiation
Data collection Several surveys on radiation doses to pediatric patients have been carried out in the UK, with each focusing on a narrow range of different types of examinations. These data are thus limited for assessing temporal trends in radiation doses. Pediatric dose data for radiographic and fluoroscopic procedures were first collected on patients in four age categories (1, 5, 10 , and 15 year olds) between 1996 and 2000 [24] . A second survey of doses according to age of pediatric patients was carried out between 2001 and 2006 [22] . The second survey included for the first time doses for dental radiographic procedures. Dose data on CT examinations was first collected in 2003 [25] . Although a 2003-2004 nationwide survey collected information on nuclear medicine procedures, pediatric patients were assumed to receive the same effective doses as adults [22] . A nationwide survey in Germany collected dose and practice information on pediatric CT examinations during 2005-2006 [30] . In the U.S., a nationwide survey focusing on doses of pediatric patients was carried out in 1998, but data collection was restricted to chest radiography [50] .
Estimated doses to the pediatric patient according to age at radiological examination Radiation doses received by infants, children, and adolescents vary by age at diagnostic procedure and other parameters [22, 24, 29, 30, 31] (Table 4 ). In general, the average estimated entrance surface dose for radiographic procedures and the dose area product for fluoroscopic procedures increases with increasing age. While increasing effective dose with age is apparent for some CT procedures (e.g., chest and abdomen), for others (e.g., brain) a different pattern is evident [25] . A major reason for differences in estimated effective doses between pediatric patients of different ages and between pediatric and adult patients is body size. For a given intensity of Xray beam, younger pediatric patients receive higher radiation doses than older children, and, overall, pediatric patients receive higher radiation doses than adult patients. This is because the smaller the size of a patient, the less the attenuation of the primary X-ray beam, and thus the higher the radiation dose. In addition, the organs and tissues of pediatric patients are smaller and thinner, respectively, and organs are closer together in children, so that scatter from the primary beam can reach adjacent organs and tissues in children more easily than in adults. MCU micturating cystourethrography, MAG mertiatide, DTPA diethylenetriaminepentaacetic acid, IDA iminodiacetic acid, MIBI methyloxyisobutylisonitrile, ESD entrance surface dose, PED patient entrance dose, DAP dose area product, ED effective dose a Source: the UK nationwide survey [22, 24] b Source: the UK nationwide survey [22] c Source: Onnasch et al. [31] . Mean age of patients is 2.5 years. d Source: German nationwide survey Galanski et al. [30] . Radiation doses for adults are based on German nationwide survey on multi-slice computed tomography (MSCT) [28] . Radiation dose in age group category 1-year is dose to pediatric patients (up to 1 year), 5 years (1-5 years), 10 years (6-10 years), and 15 years (11-15 years) e Source: Gadd et al. [29] . Effective dose was calculated assuming that scaling factors of administered activity are 0.27 (1 years), 0.44 (5 years), 0.69 (10 years), 0.9 (15 years), and 1 (adults) f Different dosimetric quantities have been used to quantity radiation dose to patients depending on modality. Dosimetric quantities in the given table include ESD, PED, DAP, and ED. g Age is not specified.
Patterns in CT use in pediatric patients Use of CT diagnostic examinations varies depending on country, facility, and time period of examination [20] . The proportion of pediatric patients aged 0-15 years old undergoing CT scans ranged 3-16% depending on country [20] . Survey data from Israel [51] , Japan [52] , the UK [53] , and the U.S. [54] reveal substantial variability in overall use of CT, evaluation of head trauma or abdominal pain with CT, level of repeat CT examinations, and implementation of standardized guidelines for CT use. The average proportion of children aged 0-15 undergoing CT in the U.S. ranges from 6.5% to 11%, compared to 6% in countries with higher levels of medical care other than the U.S. [55, 56] . The proportion of children undergoing CT examinations varies by age. A recent study in Israel reported that about 5% of the pediatric CT examinations were carried out among infants; the fraction declined with increasing age to a nadir at age 3 years, and then rose with age [51] . The same pattern was observed in a UK study [57] . Most studies reported higher rates of CT examination for boys than girls, which has been attributed to higher trauma rates among boys [20] . The head is the most common anatomic region for CT examinations in children, whereas the trunk (e.g., chest, abdomen, and pelvis) is the region most frequently evaluated in adults [30, 51, 55, 57] . In Israel, 78% of total CT examinations for children younger than five were cranial examinations, compared to only 39% in adolescents aged 16 to 18 years old [51] . In contrast, CT examinations of the face and neck comprised 3%, CT of the extremities 1%, and CT of the trunk 18% of the total CT in children under age five versus 16%, 10%, and 35%, respectively, in adolescents. For children and adolescents undergoing CT, the most common diagnoses were respiratory diseases and ill-defined conditions such as headaches and dizziness [51] , whereas for CT in infants, congenital anomalies and conditions were the most common diagnoses. For children and adolescents, CT examinations declined with increasing age for diseases of the nervous system, but rose with increasing age for musculoskeletal and connective tissue disorders.
Trends in CT procedures in pediatric patients
The limited long-term dose data for pediatric patients complicates efforts to describe temporal trends. It is noteworthy that the use of CT for patients of all ages in the United States has increased from an estimated 3 million annually in 1980 to more than 60 million, including 4-7 million annually in children in 2006. Annual growth in CT examinations in the U.S. is estimated at about 10% per year. Pediatric diagnostic CT procedures are among the most rapidly increasing [27, 58, 59 ]. The Israeli study, which evaluated the time period 1999-2003, reported a reduction in CT use in the last year of the study [51] (Fig. 2) . The reduction was attributed to a new requirement for prior consultation before referring a patient for CT examination to reduce inappropriate or excessive use of imaging procedures.
Prenatal, postnatal, and preconception diagnostic radiation and pediatric cancer risks Study designs Epidemiologists have employed two major study designs to evaluate the relationship of diagnostic radiation to the risk of developing pediatric cancers. In casecontrol studies, investigators have compared historical diagnostic radiological procedures during the prenatal or postnatal periods in pediatric cancer cases versus control children. In cohort studies, researchers have followed up on the offspring of mothers who have undergone diagnostic medical radiological procedures ("exposed mothers") versus offspring of mothers who have not undergone such procedures ("unexposed mothers") and compared pediatric cancer occurrence in the two groups of offspring.
Prenatal diagnostic medical radiation and childhood cancer risks: case-control studies Study population inclusion criteria Numerous case-control studies have assessed risks of pediatric cancer in offspring of mothers who underwent diagnostic radiological examinations during pregnancy. Studies with at least 200 total pediatric cancer cases, at least 100 cases of acute lymphoblastic leukemia, or at least 80 cases for each of the other types of pediatric cancer are included in Table 5 .
Risks for all pediatric cancers combined with exposure to in utero diagnostic medical radiation The OSCC case-control study in the UK first reported statistically significant 1.6-fold and 2.1-fold mortality excesses in pediatric cancer (based on 1,299 total childhood cancer Initial Oxford Survey of Childhood Cancer case-control childhood cancer study [9] was extended to include 12 additional birth years and an increase to 8,513 cancer cases from 1,299 in the original study [60] . A third publication from the same investigation included cases born during 1948-1978 who died during 1953-1979 [63] b
Initial study by MacMahon [61] was extended to include five additional hospitals, six additional birth years, seven additional years of childhood cancer deaths, and an increase to 1,429,400 children from 734,243 in the original study by Monson and MacMahon [62] cases and 1,299 control children) among offspring of women who underwent diagnostic medical radiologic examinations involving any anatomic sites or abdominal sites, respectively, while they were pregnant compared to offspring of mothers who were not exposed to diagnostic radiation procedures while pregnant [9] (Table 5) . After an additional 12 years of accumulation of pediatric cancer cases (n=8,513) and control children (n=8,513), OSCC investigators reported 1.5-fold and 2.5-fold significant mortality increases in all pediatric cancers combined among children of women who underwent diagnostic procedures involving abdominal radiation or pelvimetry, respectively, compared to mortality risks in children of women who had no medical radiologic procedures during pregnancy [60] . Similar results were reported from a nested case-control investigation carried out in hospitals in the northeast U.S. where the investigators observed significant 1.4-fold and 1.6-fold increases in total childhood cancer mortality (involving 556 pediatric cancer cases) among offspring of mothers who underwent diagnostic medical radiologic examinations of any anatomic site or pelvimetry, respectively, compared to occurrence in children of women who underwent no radiologic procedures during pregnancy based on medical records [61] . The initial medical recordbased U.S. study findings were confirmed in an expansion of the original study population that included approximately twice the target population of children identified at five additional hospitals and seven additional years of childhood cancer deaths [62] .
Concerns that the observed associations between prenatal maternal exposure to diagnostic medical radiation and subsequent elevated pediatric cancer risk in offspring might be confounded by the medical problems that were evaluated by the diagnostic radiologic examinations led to statistical evaluation according to the reasons for the radiographic tests [62, 63] . These analyses demonstrated that the associations were still apparent when the data were separately examined according to the reason for the diagnostic radiologic examination. There was no evidence of confounding by many other factors, and the association was specific for childhood cancer and not other causes of death in children.
Risks for childhood leukemia with exposure to in utero diagnostic medical radiation The OSCC and other casecontrol studies have also assessed risks for most of the major categories of pediatric cancers. Earlier case-control studies, which assessed risks for all types of childhood leukemia combined, reported elevated estimated risks ranging from a 1.2-to 1.9-fold increased occurrence of leukemia in offspring of mothers who had received diagnostic radiographs to the abdominal region. Risks were slightly higher for studies based on medical record data (odds ratios ranged from 1.4 to 1.9) [62, 64, 65] compared with those based on questionnaire or interview information (odds ratios ranged from 1.2 to 1.3) [66, 67] , although there was notable variation in the proportion of control mothers who had undergone diagnostic radiological procedures during pregnancy (ranging from 9.4% to 49.3%) ( Table 5) . For acute lymphoblastic leukemia specifically, risks were elevated 1.5-to 2.2-fold in the offspring of mothers from the OSCC [60] , the Netherlands [68] , and Shanghai [69] undergoing radiological examinations of the abdomen during pregnancy, but substantially lower risks or no association (odds ratios ranged from 1.0 to 1.2) were observed in more recent studies from Italy [70] , Sweden [71] , China [72] , and the U.S. and Canada [73] , except for higher risks observed among older U.S. children diagnosed at ages 11-14 [73] (Table 5 ). Risks of pediatric acute myeloid leukemia were increased (1.5-to 2.0-fold higher among offspring of exposed vs. unexposed mothers) in three studies [60, 72, 74] but not a fourth [69] , in which mothers reported undergoing diagnostic radiographic examinations of the abdominal region, although only the OSCC investigation [60] included more than 100 cases of childhood acute myeloid leukemia (Table 5) . Except for the OSCC and Swedish studies, which reported that 11.5% and 9.8%, respectively, of control mothers underwent diagnostic radiologic examinations of the abdominal region during pregnancy, other case-control studies of acute lymphoblastic and acute myeloid leukemia reported that 2.4% to 7.1% of mothers had abdominal radiographs (Table 5) .
Risks for childhood brain tumors with exposure to in utero diagnostic medical radiation Six case-control studies shown in Table 5 reported risks of pediatric brain tumors in offspring of mothers undergoing diagnostic radiologic procedures with abdominal radiation exposures. Odds ratios ranged from 0.8 to 1.4 [60, 62, 65, [75] [76] [77] , with no increases in risk apparent in the most recent studies.
Risks for other childhood malignancies with exposure to in utero diagnostic medical radiation Fewer casecontrol studies have assessed risks of other pediatric tumors (reviewed in Little [12] ), and most of these included smaller numbers of subjects than the population size required to be included in Table 5 . The OSCC reported odds ratios of 1.6, 1.5, and 1.1 respectively, for Wilms tumor, neuroblastoma, and bone tumors, and odds ratios ranging from 1.4 to 1.6 for other pediatric cancers in offspring of mothers who underwent diagnostic medical radiology examinations involving exposure to the abdomen during pregnancy [60] ( Table 6 ). From three U.S. epidemiologic studies, small increases [62, 78] or no increase [79] were reported for neuroblastoma, rhabdomyosarcoma, and Ewing sarcoma, respectively.
Risks of pediatric cancer by trimester Although most of the case-control studies limited assessment to querying about a history of any diagnostic medical radiologic examination at any anatomic site during pregnancy, a few obtained more detailed information. OSCC data showed that most of the diagnostic radiologic procedures were performed in the third trimester of pregnancy, but the excess risks of childhood cancer were associated only with medical radiation exposures in the first trimester [80] (Table 7) . Using UNSCEAR [81] estimates of average uterine dose per film, Bithell and Stiller [15] determined that risk was significantly higher for diagnostic radiologic examinations of the abdomen in the first compared with the third trimester (estimated excess relative risk (ERR)/mGy=0.28 (95%CI=0.08-1.14) in the first trimester vs. ERR/mGy=0.03 (95%CI=0.02-0.04) in the third trimester). Monson and MacMahon [62] reported higher risks in the first and second trimesters (a 1.9-fold increase) than in the third trimester (a 1.3-fold increase).
Reasons for diagnostic radiological examinations of pregnant women The OSCC data revealed that most (95%) of the diagnostic radiographs during pregnancy were obtained for obstetrical reasons, including about one-third for twin births, one-quarter for malposition, and one-sixth for pelvimetry (Table 8) . Only a small number of radiologic examinations in pregnancy were for non-obstetrical problems, and half of these procedures involved examinations with contrast media. Pediatric cancer in offspring was on average 30% increased (odds ratios ranged from 1.0 to 1.8) among mothers undergoing radiologic examinations for obstetrical reasons, and on average 70% increased (odds ratios ranged from 1.4 to 2.1) among mothers X-rayed for non-obstetrical reasons [80] .
Risks of pediatric cancer by year of birth and mean numbers of films per examination The OSCC reported that the proportion of control mothers whose children were Xrayed during pregnancy rose from 2.7% for births between 1946 and 1947 to 12.9% for births between 1954 and 1955, before declining to 8.3% for children born between 1962 and 1963 [82] (Table 9) . Within a decade, however, the proportion of mothers X-rayed during pregnancy increased to the same levels as before initial reports by the OSCC [37, 83] (Table 10 ). In the northeast U.S., medical records revealed that 9.8% to 10.5% of control mothers were Xrayed during pregnancy for births during 1947-1950 through 1955-1957, before decreasing to 7.1% X-rayed for births during the period between 1958 and 1960 (Table 12 ). Data are lacking for the period 1961-1971 in the U.S.; hence, it is not possible to ascertain whether the declining trend continued or reversed.
Despite the short-lasting reduction in the proportion of control mothers X-rayed during pregnancy and in the mean number of films per examination in the UK following the 1956 and 1958 publications from the OSCC [37, 83] (Tables 10 and 11) , there was a dramatic decrease in pediatric cancer risks in offspring of mothers undergoing diagnostic medical radiation during pregnancy compared with risks in offspring of unexposed mothers during the period 1946-1947 through 1962-1963 . From a 5.4-fold excess of pediatric cancer among offspring born during 1946-1947 to exposed vs. unexposed mothers, risk dropped Source: Gilman et al. [80] a Adjusted for sex, birth year, social class, maternal age, birth order, exposure-age or film number (e.g., average number of films was higher for the first trimester than for later diagnostic X-ray assessment) dramatically to a 1.3-fold increase among children born during 1962-1963 to exposed vs. unexposed mothers in the UK (Table 9) . Similarly, U.S. mortality rates for pediatric leukemia declined from 5.2 to 3.1 per 10,000 children for children born during 1947-1950 and 1958-1960, respectively, and mortality for pediatric solid tumors decreased from 3.8 to 2.7 per 10,000 children during the same time period, although some of this decline may have reflected improvements in treatment [62] (Table 12) . Nationwide U.S. data revealed a decline in the proportion of mothers undergoing abdominal radiographs during pregnancy from 6.0% for children born during 1972-1980 to 1.8% for children born during 1987-1992 that paralleled a decrease in the estimated relative risk for childhood leukemia among offspring of mothers reporting diagnostic medical radiation during pregnancy compared with offspring of mothers reporting no exposure [73] . Risks of pediatric acute lymphoblastic leukemia declined from an excess estimated relative risk of 2.4 to no excess risk for offspring to exposed vs unexposed mothers born during 1972-1980 and during 1987-1992, respectively [73] ( Table 13 ). The decreases in risk of pediatric cancer in the UK and U.S. correlated with the estimated exponential declines in fetal doses during the same period (see section describing impact on clinical practice below) [37, 60, 81] . The parallel in trends between the notable decline in risks and substantial decreases in estimated fetal doses has been interpreted as consistent with a causal association [16] .
Prenatal diagnostic medical radiation and childhood cancer risks: cohort studies
Singletons Several cohort studies have examined risks of pediatric cancer in offspring whose mothers underwent [62] or nested case-control studies [84, 85] , which incorporated study designs based on cohort Twins Because a large fraction of mothers of twins (i.e., up to half) had undergone prenatal diagnostic radiologic examinations, pediatric cancer risks were evaluated in several cohorts of twins. Risks of pediatric cancer were not increased in these twin populations (reviewed in [17] ) (Table 15 ).
Impact on clinical practice of reports linking prenatal radiation and pediatric cancer
Although the rationale for establishing the Adrian Committee in the UK in 1957 was to review practices in obstetric diagnostic radiology in light of concerns about medical radiation-related genetic hazards, the surveys implemented by the committee provided useful information about obstetrical practices and estimated radiation doses from the perspective of the OSCC studies of prenatal diagnostic medical radiologic procedures and pediatric cancer risks in offspring. Recommendations from the Adrian Committee included limiting the X-ray beam to useful areas of film, implementing standardized methodology in pelvimetry, decreasing the number of projections in a pelvimetric examination to a single lateral view, and reducing the film number per examination [41] The surveys and subsequent monitoring of radiologic procedures and associated radiation dose estimates in obstetrical practice suggested that the impact of the reports from the initial OSCC epidemiologic studies lasted for only a few years [41, [86] [87] [88] [89] (Table 10 ), and that use of obstetrical diagnostic radiologic procedures continued to vary substantially by locality [37, 83, 90] . The faster films, rare earth screens and other technical changes introduced in the late 1950s (as reviewed in Mole [37] ) may have played a more important role in the 50% reduction in fetal gonadal dose that was apparent from 1978-1979 measurement data [37, 89] . However, the development and growth in the use of sonography for fetal surveillance did not have as large an impact as expected in reducing the use of radiographs in pregnancy during the 1970s and early 1980s [83] .
Prenatal sonography and pediatric cancer risk
As sonography began to replace obstetrical abdominal radiography and pelvimetry during the 1970s in evaluation of fetal growth, abnormalities, and medical aspects related to delivery [91] , concerns arose about potential carcinogenicity of single and repeated sonography examinations. Case-control studies in the UK [92] [93] [94] showed no evidence of an excess of childhood leukemia or solid tumors in offspring of mothers undergoing sonography during pregnancy. No relationship was observed for sonography with childhood leukemia in Mexico [95] , childhood leukemia in China [72] , pediatric acute myeloid leukemia in the Netherlands [74] , or pediatric acute lymphoblastic leukemia in the U.S. and Canada [73] .
Postnatal early life exposures to diagnostic radiation and pediatric cancer risks
Compared to the potential carcinogenic effects of in utero radiation exposure on childhood cancer, the effects of postnatal diagnostic exposure have been much less studied. While there are several large, well-conducted studies of therapeutic radiation in childhood (e.g., therapeutic radiation Source: Shu et al. [73] for childhood cancer, or radiation treatment for benign conditions) that indicate an elevated risk of cancer later in life, in this review we focus on studies of diagnostic radiation exposure and risk of childhood cancer. Table 16 summarizes those studies with at least 75 cancer cases. In instances where both diagnostic and therapeutic radiographs were examined, both estimates are included for comparison of risk magnitude.
Risks for all pediatric cancers combined with exposure to early life diagnostic radiation The OSCC noted no association between early life diagnostic exposure and risk of all childhood cancers [9] . Although another UK study observed a non-statistically significant association between childhood cancer risk and diagnostic radiation using interview data, this association disappeared when medical records data were used, suggesting the possibility of reporting bias [96] .
Risks for childhood leukemia with exposure to early-life diagnostic radiation While two studies detected a significantly elevated risk of leukemia with exposure to diagnostic radiation during childhood [67, 97, 98] , these studies used questionnaire data to assess exposure to diagnostic radiographs. Other investigations, including studies using medical records to verify X-ray exposure, did not report significantly increased risk of leukemia (Table 16 ). It is worth noting that in one U.S. study, a slightly elevated risk was observed when exposure was ascertained using interview data, but this association was not seen when medical record data were used, suggesting the possibility of recall or reporting bias with interview data [99] . Although one study reported possible effect modification by variants in the DNA mismatch repair genes hMSH3 (ex23 variant) and hMLH1 (ex8 variant), results were sexspecific and were not consistent between the first and second phase of the study [97, 98] . Examination of risk for childhood acute lymphoblastic leukemia by immunophenotype indicated a possible increased susceptibility to diagnostic X-rays for individuals with pre-B cell ALL (OR=1.7, 95% CI=1.1, 2.7) [73] .
Risks for childhood brain tumors with exposure to early-life diagnostic radiation In general, studies of diagnostic radiograph examinations and risk of childhood brain tumors, including studies of astrocytoma specifically, have Table 14 Cancer mortality rates in cohorts of children whose mothers underwent diagnostic-X-rays during pregnancy. [17] a Proportion undergoing pelvimetry X-rays was not determined, but range reported was 30-55% b Data are based on the first 5,763 deaths included in the Oxford Survey of Childhood Cancers Table 16 Risk of specific and total childhood cancers associated wuth early life postnatal medical radiation exposure.
Author, year published country, study duration not observed an increased risk with exposure (reviewed in Little [12] ). Although one study of brain tumors observed an increased risk of childhood brain tumors in individuals with a history of five or more full-mouth dental radiographs at least 10 years before diagnosis [76] , this has generally not been confirmed in other studies. A positive doseresponse for chest and skull radiographs taken five or more years before diagnosis was noted in one study, but the investigators also noted an increased risk of brain tumors with head/neck injuries requiring medical attention, raising the possibility that the observed association could have been due to reverse causality (i.e. early symptoms of brain tumors led to brain imaging) [100] .
Risks for other childhood cancers with exposure to early-life diagnostic radiation While other specific cancer sites have been less studied, no consistent association has been observed for diagnostic radiation exposure and risk of childhood lymphoma, osteosarcoma, Ewing sarcoma, soft-tissue sarcoma, or neuroblastoma (reviewed in Little [12] ). One Chinese study reported increased risk of lymphoma with diagnostic radiographs [72] , but exposure was ascertained using interview data, and this finding has not been replicated [12] . Increased risk of Ewing sarcoma with interview-assessed diagnostic radiograph exposure was reported by one U.S. study [reviewed in 12], but not another [79] . Overall, there is very little evidence that exposure to post-natal diagnostic exposure increases childhood cancer risk. However, it is noteworthy that repeated exposure to diagnostic exams during adolescence has been associated with increased risk of breast cancer later in life in patients with scoliosis [102, 103] , and there has been some suggestion that exposure to dental radiographs in childhood may increase risk of meningioma later in life [104] . Exposure to low-to-moderate levels of environmental ionizing radiation at an early age has also been shown to increase later-life cancer risk in individuals exposed to atomic bomb radiation [105] . It is thus possible that if a small increased risk of cancer due to diagnostic radiation exposure exists, most studies are not adequately powered or have limited assessment of childhood and adolescent cancer occurrence, and thus failed to be able to detect onset of cancer later in life.
Preconception parental exposures to diagnostic radiation and pediatric cancer risks
Maternal preconception diagnostic radiation Studies examining risk of pediatric cancer associated with maternal preconception exposure to diagnostic medical radiation are difficult to evaluate and to compare because the time window of exposure is difficult to standardize, the key anatomic sites of exposure are not emphasized, the role of the medical indication for the radiologic examination is not examined, therapeutic radiation and occupational radiation exposures are sometimes not considered, and the modest body of literature is inconsistent and difficult to interpret. In the first report of the OSCC on this topic [9] , risk of total childhood cancer was associated with abdominal radiograph exposures prior to marriage, but there was a deficit of exposed mothers of cases between marriage and conception of the relevant child. Risk was not increased in a subsequent OSCC investigation of this issue [106] . Most studies found no associations [69, 70, 72, [107] [108] [109] [110] [111] [112] , although a few reported increased risks [64, 113] .
Paternal preconception diagnostic radiation Studies of paternal preconception exposure to diagnostic medical radiation and risk of pediatric cancer are characterized by the same methodological problems as those focusing on maternal exposures, and the findings have been inconsistent. Most epidemiologic investigations of paternal preconception diagnostic radiation exposures have found no association with risk of pediatric cancer [70, 72, 106, 108] .
Trends in childhood cancer
It is difficult to ascertain whether the notably decreasing diagnostic medical radiation exposures (due to technical advances) were responsible for declining rates of total childhood cancer or specific forms of pediatric cancer between the late 1950s and throughout the 1960s because the primary pediatric cancer outcomes monitored were death rates and childhood cancer treatment advances resulted in decreasing mortality during the same time period. Population-based monitoring of pediatric cancer incidence began in most cancer registries in the 1970s or later, after ultrasonography largely replaced obstetrical abdominal radiographs and pelvimetry. Long-standing cancer incidence trend data from the oldest populationbased cancer registries demonstrate notable increases in the incidence of acute leukemia among children ages 0-4, but not among older children during the period 1935-1939 through 1975-1979 in Connecticut [114] and Denmark (where ascertainment of cancer incidence commenced in 1943), although there was little evidence of an increase in rates of childhood cancer at all ages in Denmark during 1943-1980 [115] . Increases in incidence of childhood acute lymphoblastic leukemia in Great Britain among children born after 1964 and diagnosed during 1968-1978 primarily reflected statistically significant increases among boys aged 0-4 years old at diagnosis and to a lesser extent for girls in this age group [116] . There was no clear explanation for these findings in the UK, although the investigators noted that data from Denmark and Sweden provided some support for an increase in pediatric acute lymphoblastic leukemia among children at the youngest ages [116] .
Methodological issues
Given the rarity of childhood cancer, particularly when specific sub-types are considered, it can be difficult to assemble large studies with adequate power to detect small to moderate increases in risk. Furthermore, the accurate classification of pediatric cancers, especially with regard to histological sub-types, poses a further challenge, as does the classification of radiation exposure status in study subjects, particularly when exposure assessment relies on interview data, or medical records or radiologic reports are missing.
The majority of the evidence regarding in utero/early childhood radiation exposure and childhood cancer risk comes from case-control studies. Although case-control studies generally have more cases and therefore higher statistical power than cohort studies, they are more prone to reporting or recall bias, which can occur if parents of childhood cancer cases classify exposure differently than do parents of control children. These biases can lead to inflated measures of risk. Cohort studies, while less susceptible to recall bias, are particularly vulnerable to small numbers of outcomes of rare conditions such as childhood cancers.
While most information concerning possible cancer risks attributable to diagnostic X-ray exposure comes from studies in which history of diagnostic radiologic examinations was ascertained by interview or questionnaire, substantial disagreement has been observed between the number of radiograph examinations reported in the interview and the number of exams in medical records, with reporting generally being poorer among controls [117] . In a situation where reporting errors are non-differential between cases and controls, one would expect estimates of risk to be attenuated but unbiased. In populations with a high frequency of exposure, however, spurious associations with numbers of radiograph examinations or radiation dose could arise because of recall differences.
As with all epidemiological studies, the relationship between radiation and childhood cancer risk can be masked by confounding factors that are associated with both exposure and disease, but not part of the causal pathway. Further, models of radiation exposure and cancer risk are subject to a number of statistical uncertainties, and for accurate assessment of these risks, uncertainties should be taken into account.
Clinical and public health policy implications
Results from epidemiologic studies of cancer risks associated with medical diagnostic radiation exposures during the prenatal period (summarized above), radiation therapy during childhood and adolescence [118] [119] [120] [121] [122] , radiation exposures to pregnant women [105] and to children [35] from the atomic bombings of Hiroshima and Nagasaki, and the environmental radiation exposures to young persons from the Chernobyl accident [123, 124] have demonstrated that cancer risks from all forms of ionizing radiation exposure are cumulative, and cancer continues to increase decades after the initial radiation exposures [35, 105] . Evidence from radiobiology and epidemiology has demonstrated that radiation exposure is linked with acute and chronic health effects and potential molecular changes, and that risks increase with radiation dose (although the specific form of the dose-response curve remains unclear at low levels of exposure). For cancer induction in utero, the ICRP has concluded that it is likely that cancer risks exist from the beginning of major organogenesis to the end of pregnancy [13] . An important consideration from the clinical and radiation protection perspective is that adult women may be unaware that they are pregnant at the time of diagnostic radiological examination.
An important issue for clinical practice is whether radiologic machine exposure settings have been appropriately adjusted for pediatric patients. Results suggest that increasing attention is being paid to this issue based on data from recent surveys in the UK and Germany (Table 2 ), but assessment is needed in other countries. More effort should be given to the development of standardized protocols for optimizing exposure settings according to patient size and clinical indication for a given examination.
From the policy perspective, radiologists and other physicians ordering and performing procedures involving ionizing radiation should make every effort to reduce the types and numbers of unnecessary radiologic procedures. Additional efforts are needed from professional medical societies to promote education in radiation sciences, particularly for non-radiologists who are performing radiologic procedures, and to provide recommendations and standardized protocols to reduce radiation exposures. Physicians and public health practitioners can play an important role through education of patients on the risks as well as the benefits associated with radiologic procedures. Professional societies, regulators, and the public should strongly encourage manufacturers to identify and implement new technologies for reducing radiation doses while maintaining image quality. Regulators should support ongoing surveys to estimate radiation doses from all radiologic procedures, and should report widely the results of the surveys, underscore the need for education and training of all physicians who order and perform radiologic procedures, and ensure written reporting of estimated doses from radiologic procedures to patients.
Gaps in understanding and research needs
Compared to adults, pediatric patients receive a higher radiation dose for the same exposure setting, are more sensitive to radiation, and have more years of life expectancy and thus more years at risk of cancer occurrence as compared to adults. However, nationwide survey data on radiation doses from medical radiologic procedures carried out in pediatric patients are more limited than those for adults. Although there have been several national surveys in the UK and recently in Germany and the U.S., there are few surveys in other countries. Data are also limited for ascertaining temporal trends (e.g., to ascertain whether radiation doses to pediatric patients from medical procedures are decreasing or increasing and whether exposure settings are well optimized). Limited data from single or multiple institutions suggest that radiation doses vary within and between medical institutions and among countries. Thus, nationwide surveys are needed in many countries, particularly for higher-dose procedures such at CT, nuclear medicine studies and fluoroscopically guided diagnostic procedures. It is also critical to collect populationbased dose data to estimate doses to embryos and fetuses from maternal obstetric and non-obstetric medical radiologic procedures.
Notable advances in imaging technology in conjunction with increasing employment of CT scans, nuclear medicine and fluoroscopically guided procedures have led to medical radiation overtaking environmental radiation sources in accounting for the largest fraction of the population collective dose [18] . Although radiographic procedures accounted for close to two-thirds of the estimated number of radiologic procedures at all ages in the U.S. in 2006, while CT comprised 18% and interventional procedures 3%, CT was responsible for 50% of the estimated collective population dose [18] . Gaps remain in the understanding of radiation-related carcinogenesis of in utero diagnostic medical radiation exposures including reasons for the stronger associations shown by case-control than by cohort studies, uncertainty about whether risks of pediatric solid tumors are lower than those for pediatric leukemia, lack of information about lifetime cancer risks from prenatal exposures and the magnitude of the risks during adult years [125] . Carcinogenic risks associated with exposures very early in pregnancy are not well quantified. Forthcoming follow-up data from cohorts exposed during pregnancy to ionizing radiation (e.g., those experiencing environmental radiation exposures from the Chernobyl accident and those exposed to radionuclides contaminating the Techa River in Russia) will be useful for clarifying the results from the long-term follow-up of the atomic bomb survivors who were in utero at the time of the bombings [105] . In addition, it would be helpful to determine the feasibility of assembling and following up large cohorts composed of offspring of women who underwent CT procedures during pregnancy. More knowledge is also needed about cancer risks associated with protracted or fractionated radiation exposures during pregnancy.
Information on cancer risks associated with diagnostic radiographic, CT and fluoroscopically guided procedures during early childhood is limited. Because of the dramatic increase in the numbers of children undergoing CT examinations internationally, it is particularly urgent to study occurrence of pediatric, adolescent, and adult cancer risks associated with these procedures. No epidemiologic studies have reported cancer risks associated with childhood and adolescent exposures to CT scans, but newly launched investigations should provide such information within a few years.
